K 1 ϭa
.(2)
Where, a is the activity of M or its oxide M x O y , of which standard state is pure substance, and K 1 denotes the equilibrium constant of Eq. (1). The variable P* CO is equivalent to P CO /P 0 , where P CO and P 0 are partial pressure of CO (Pa) and standard atmospheric pressure (101, 325 Pa), respectively. The equilibrium constant K 1 is known from the available literature value of free energy change of Eq. (1) . Since the activity of carbon is unity because of the use of graphite crucible as a vessel, Eq. (2) can be simply rearranged as Eq. Where g M and X M denote the Raoultian activity coefficient and mole fraction of M in liquid Cu, respectively. According to Eq. (3), the activity of M x O y in the slag will be able to be determined from the equilibrium concentration of M in liquid Cu if the activity coefficient of M in liquid Cu is known.
As realized from Eq. (3), the reliability of measured activity of M x O y strongly depends on the accuracy of the activity coefficient of M in liquid Cu. The concentration of M distributed in liquid copper is less than a few percent on the previously mentioned experimental conditions for activity measurement of constituents in the slag. However, there is a considerable disagreement among the formerly reported g M (MϭAl, Ca, Mg and Si) in the copper-rich side of Cu-M system. Therefore, the accuracy of g M on the copper-rich side is very important for the determination of M x O y .
Keeping such background in view, the activities of the constituents in liquid Cu-Al 2) , Cu-Mg and Cu-Ca 3) alloys were measured with the mass spectrometry. The Knudsen cell-mass spectrometer combination has made the measurement of the accurate activities possible and would be the most suitable method for our purpose. The activities were successfully determined from the observed ion current ratio of components according to the well-established BeltonFruehan treatment. 4, 5) On the other hand, the thermodynamic information for liquid Cu-Si alloy is very limited. Sano et al. 6) measured the activity of Si in liquid Cu-Si alloy by EMF method at 1 743 and 1 783 K. Nikitin 7) observed it by EMF method at 1 623 K. Bowles et al. 8) determined it by the transportation method where SiO, H 2 and H 2 O gases were in equilibrium with liquid copper at 1 833 K. Bergman et al. 9) measured the activities of Cu and Si by using Knudsen-cell mass spectrometry at the temperature from 1 500 to 1 900 K. The enthalpy change of mixing liquid Cu-Si was reported by several researchers. [10] [11] [12] [13] [14] Figure 1 reviews the literature values on the activity coefficient of Si with respect to pure liquid Si in liquid Cu-Si alloy. The agreement of the activity coefficients among literature values at high concentration range of Si seems to be excellent. On the other hand, there are discrepancies in the low range of Si. For the determination of oxide activities in iron-and steel-making slags, the accuracy of g Si at low Si concentration range is important.
In the present work, the activity measurement was conducted by new technique, that is, the combination of mass spectrometry and chemical equilibration method. The activity coefficient of Si in liquid copper at 1 623 K was determined by equilibrating a Cu-Si alloy with SiO 2 saturated CaO-Al 2 O 3 -SiO 2 slag in a graphite crucible under CO atmosphere. Molten slag was used to increase the interface area and to accelerate the mass transfer between metal and slag. Also, the ion current ratio of SiO to Cu at 1 600-1 700 K was measured for Cu-Si alloy equilibrated with SiO 2 by mass spectrometry. Previously, 2, 3) the activities of the constituents in liquid Cu-Al, Cu-Mg and Cu-Ca alloys were determined by measuring the ion currents of Cu and Al, Mg or Ca. In the present work, ion current of volatile SiO was measured instead of metallic Si vapor, because partial pressure of Si equilibrating with Cu-Si alloy is relatively low and it was difficult to measure ion current of Si with high accuracy. Details will be explained in Secs. 3 and 4. From these results, the activity coefficient of Si in copper at 1 600-1 700 K was determined.
Experimental

Chemical Equilibration Technique
An electric resistance furnace was used for chemical equilibration technique. The temperature was controlled at 1 623K within the accuracy of 2 K by a Pt-6 %Rh/Pt-30 %Rh thermocouple. Weighted 0.5 g of Cu-Si alloy, 0.75-1.5g of SiO 2 saturated CaO-Al 2 O 3 -SiO 2 slag and 0.2 g of SiO 2 piece were set in a graphite crucible, placed in the hot zone of the furnace and equilibrated under CO atmosphere for 15 to 62 h. The slags were synthesized from reagent grade Al 2 O 3 , SiO 2 and CaO calcined from CaCO 3 in air. Cu-Si alloys were prepared by melting Cu (purity 99.9 %) and Si (purity 99.99 %) in an alumina crucible.
After keeping the sample for a given period, it was quenched by withdrawing from the furnace and flushing Ar gas, and supplied to chemical analysis. The Si content of the alloy was determined by inductively coupled plasma spectroscopy (ICP).
Mass Spectrometry
The mass spectrometer used in the present work was the same with that used in our previous works, 2, 3) but slightly modified. This equipment was a magnetic field scanning type, which has single focusing 90 deg and 0.2 m radius of curvature. This mass spectrometer consists of a Knudsen cell unit, an ionization chamber, a magnetic field scanning system and a detection unit with electron multiplier. The atomic or molecular beam effused from the Knudsen cell was introduced into the ionization chamber, where the vapor was converted into positive ion by electron impact. The positive ions were then pulsed out of the ion source and accelerated toward the flight tube for analysis. An ionization potential and an ion accelerating voltage were generally 40 eV and 12.0 kV, respectively. It was confirmed that fragmentation of SiO does not occur at this condition. The mass spectrum was separated with scanning a magnetic field and detected by a secondary electron multiplier. The intensity of scanning magnetic field was in the range of 400 to 15 500 Gauss. An analog output circuit was used to detect and display the mass peaks on a monitor or penrecorder. Inside of the system was evacuated by rotary and diffusion pumps to approximately 4ϫ10 Ϫ5 Pa. The Knudsen cell assembly consisted of a Ta outer cell with a BN inner cell, which held approximately 1.5 g of the alloy sample and 0.2 g of SiO 2 ring. The SiO 2 ring was placed on the alloy sample. The BN inner cell had a dimension of 11 mm in O.D., 9 mm in I.D. and 7 mm in height, and the lid had a thickness of 0.5 mm and an orifice diameter of 0.5 mm. The Knudsen cell was heated by means of electric resistance heating element of Ta ribbon. The temperature of the Knudsen cell was measured by two sets of Pt-13pctRh/Pt thermocouple, which were respectively placed in two holes drilled at the bottom of the Ta outer cell with different depth. Calibration of the thermocouple was periodically performed by wire bridge technique using Au.
Weighed pure metals were charged in the BN inner cell, and the whole Knudsen cell assembly was positioned at 5 to 6 cm below the ionizing region of the mass spectrometer and was adjusted horizontally to maximize the flux of particles into the ion source. The cell was then heated above the liquidus temperature of the alloy specimen and held for 10-15 min at the aimed temperature to allow melting and homogenization of the alloy. Control of the current for Ta heater was achieved manually to adjust the temperature of the cell. The ion currents at desired principal mass peaks were monitored on the CRT of a personal computer and recorded on a calibrated chart recorder. In the present work, ion currents of mass number 44 (SiO ϩ ) and 63 (Cu ϩ ), which are directly related with the partial pressure of SiO and Cu in the cell, were measured in the temperature range of 1 573-1 673 K. The experimental temperature was alternatively decreased and increased between the maximum and the minimum at given alloy compositions. No hysteresis against temperature change was observed. The holding time of 10 min at each temperature was found to be sufficient to obtain constancy of ion current and the measurement was completed within 2 h. After the measurement, the sample was quenched to the room temperature in the mass spectrometer and was supplied for chemical analysis.
Experimental Results
Chemical Equilibration Technique
Change of Si content in Cu-Si alloy with time is shown in Fig. 2. From Fig. 2 , the equilibration was confirmed. From the average Si content of sample, the equilibrium value was determined as 0.228 (Ϯ0.004) mass% Si or mole fraction of Si as, X Si , 0.00515 (Ϯ0.00007) at 1 623 K.
The equilibrium reaction and Gibbs free energy change, DG°4, for chemical equilibration experiment can be written as follows. The equilibrium constant, K 4 , can be expressed as Eq. (6).
.... (6) Considering that the activity of C, SiO 2 and the partial pressure of CO are unity in the present work, the activity coefficient of Si in liquid copper relative to pure liquid Si, g Si(l) , can be expressed as follows. From the experimental result, g Si(l) was determined as 0.0333 at 1 623 K and X Si ϭ0.00515.
Mass Spectrometry
The measured ion current ratios of SiO to Cu, I
ϩ SiO /I ϩ Cu , are shown in Fig. 3 , as a function of alloy composition and temperature. Linear relation was observed between the logarithm of the ion current ratio at a fixed composition and the reciprocal of absolute temperature. The values of A and B determined with the least-squares method for Cu-Si system are listed in Table 1 . From the linear relation of the experimental results, it was confirmed that dismutation reaction of SiO to Si and SiO 2 did not occur. The equilibrium reaction in the Knudsen cell during the mass spectrometric measurement can be written as follows. The partial pressure of Cu and SiO can be expressed using the activity coefficients of Cu and Si of the alloy as Eqs. (13) and (14). ϩ is the ion current of Cu or SiO and k is the constant, which includes apparatus constant, relative isotopic abundance and ionization cross-section of Cu or SiO, and they are independent of temperature and alloy composition.
Since the mole fraction of Cu in the Cu-Si alloy is higher than 0.95, Raoult's law (g Cu ϭ1) was assumed in the present work. As pure SiO 2 ring was in equilibrium with Cu-Si alloy, the activity of SiO 2 in the Knudsen cell is unity. Combining and arranging Eqs. (13)- (16), g Si(l) can be given as Eq. (17) The activity coefficient of Si in Cu-Si alloy can also be expressed as Eq. (18), by using the activity coefficient of Si in liquid Cu-Si alloy at infinite dilute solution relative to pure liquid Si, g°S i(l) , and the interaction parameter, e (10) and (12) at 1 623 K, ln(k SiO /k Cu ) was determined as 1.59. Recalling that this value is independent with temperature, g°S i(l) can be determined from the intercept of Fig. 4 at each temperature. The temperature dependence of the activity coefficient of Si in liquid Cu-Si alloy at infinite dilute solution relative to pure liquid Si, g°S i(l) , is shown in Fig. 6 The relation between g Si(l) and Si content of Cu-Si alloy is shown in Fig. 7 . The values of lng Si(l) were calculated using Eq. (17), the straight lines were drawn from Eqs. (20) and (21).
Discussion
The relation between (1ϪX Si ) 2 and RT lng Si(l) determined in the present work is shown with the reported values in Fig. 8 . The activity coefficient of Si determined by the authors was approximately 4 times larger than that reported by Bowles et al. 8) where content of Si is dilute. The activity coefficient of Si determined in this paper is also larger than those reported by Nikitin 7) and Bergman et al. 9) in the region that (1ϪX Si ) 2 is larger than 0.8 and 0.6, respectively. The activity coefficient of Si is consistent with the results of Sano et al. 6) Considered that the experimental temperature in the present work differs with those of other researchers, values of RT lng Si(l) are not necessary to coincide with each other. However, RT lng Si(l) determined in the present work increases with temperature where content of Si is dilute, and it leads to larger discrepancy with the results of Bowles et al. and Nikitin. In the present work, the activity coefficient of Si in CuSi alloy, where content of Si is dilute, was determined with high precision. The slope of excess free energy change of mixing, dDG ex /dX Si , at X Si ϭ0 can be obtained from the value of g°S i(l) determined in the present work. Therefore, thermodynamic property of Cu-Si binary alloy was assessed on the condition that dDG ex /dX Si at X Si ϭ0 satisfied the result of the present work.
The excess free energy change of mixing, DG ex , the heat of mixing, DH, and the excess entropy change of mixing, DS ex , are related by the following relation. By combining the experimental results of the present work and Sano et al. 6) with Eq. (24), the excess Gibbs energy change of mixing of liquid Cu-Si, DG ex , was regressed as follows as a function of temperature. (10) and (12) .
To confirm the accordance of the assessed thermodynamic properties, the composition of liquid Cu-Si alloy equilibrating with solid Si was calculated using Eqs. The liquidus line was obtained by determination of the alloy composition, which that silicon activity referred to pure solid silicon is unity, using Eq. (31). The result is shown in Fig. 9 with the experimental results reported by Rudolfi. 18) Rudolfi was the first and only one researcher who measured the liquidus curves from pure Cu to Si. Rudolfi correlated the composition of all Cu-Si alloys, by the using the relation between initial Si content and Si loss during the experiment for 8.0, 9.25 and 12.5 mass%Cu-Si alloys. Hence, error of alloy composition may occur where Si is rich. Also, the reported eutectic temperature at X Si Ͼ0.3 scatters from 1 070 to 1 085 K. Considered the possible error for the results reported by Rudolfi, the liquidus curve determined from the present work is consistent with the reported composition equilibrated with Si. With combining the activity coefficient measurement of present work with that of Sano et al., the thermodynamic properties of liquid Cu-Si alloy which is consistent with the phase diagram is determined. The activities of Cu and Si in liquid Cu-Si alloy are shown in Fig. 10 . The activity curve of Si determined in the present work seems to agree well with the reported values. However, it must be reminded that the Si activity where Si content is dilute, has considerable discrepancy with reported values of Bowles et al. and Nikitin.
Combination of mass spectrometry and chemical equilibration technique is a powerful method to determine the thermodynamic properties with high accuracy. Also, utilizing the formation reaction of volatile sub-oxides, such as SiO, in mass spectrometry is a sophisticated method for conducting activity measurements. This technique can be expanded to various applications. If the present result is applied to Si activity in Cu-Si melt equilibrated with silicate melt, SiO 2 activity in slag will be able to be directly measured by equilibrating silicate melt instead of solid SiO 2 . The authors would like to propose new technique for activity measurement in the present work.
Conclusions
By mass spectrometry and chemical equilibration experiment, the activity of silicon in Cu-Si alloy relative to pure liquid Si was determined as follows.
(1 573ϽT/KϽ1 623, X Si Ͻ0.05)
The excess Gibbs energy change of mixing liquid Cu and Si were assessed using the present result with literature values as follows. It was confirmed that the combination of mass spectrometry and chemical equilibration technique is a powerful method to determine the thermodynamic properties with high accuracy. 
